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ABSTRACT: MOF-encapsulated nanoparticles (NP@MOFs) are hybrid, heterogeneous catalysts, where the MOF could boost
the activity and selectivity of the encapsulated NP for the reaction of choice by controlling reactant orientation. However, due
to overwhelming combinatorics, methods to rapidly identify promising NP + MOF combinations for a given application are
needed. Earlier work used a “surrogate” inert pore on top of NP-representative surfaces to generically capture MOF steric
effects, hence enabling computational screening to focus on NP composition. However, the surrogate pore method neglects
electronic effects of the MOF on the NP. Here, we use density functional theory to study how paradigmatic MOF linkers (im-
idazolate, carboxylate, and thiolate) impact the electronic structure of representative metal surfaces, and in turn the binding
of small species, whose formation energies are commonly used in descriptor-based catalyst screening. We find that the coor-
dinating moiety and functionalization of the linker modulates the shift in the metal d-band center and the electron transfer,
which is correlated to experimentally measurable quantities such as C-0 vibration frequencies. However, in the majority of
cases, the effect of the linker on binding energies (for C*, 0*, N*, H*, OH*, CHz* and CO*) was less than 10 k] /mol. Furthermore,
scaling relationships between binding energies were only slightly affected by linker-originated electronic effects. Therefore,
activity/selectivity “heat maps” derived from calculations under “generic” steric constrains could remain useful to screen the
optimal NP composition of an NP@MOF catalyst. On the other hand, the placement of a given NP composition on the afore-
mentioned heat maps is affected by the MOF. For an n-butane oxidation case study, we estimated that AgsPd—a promising
NP composition for selective 1-butanol formation according to previous screenings using the surrogate pore method—has a
~85% probability of retaining a selectivity for 1-butanol above 75% when encapsulated in carboxylic MOF of suitable pore
size.

tures in heterogenous systems is by encapsulating catalyti-
cally nanoparticles (NPs). In a prominent effort, Medlin and
coworkers? showed that by enshrouding Pd NPs with thio-
lates, the selectivity of furfural reactions was altered. This
approach continues to be explored experimentally®12 and
computationally,’314 but potential drawbacks are that only
a few active sites are exposed and deliberate control of re-
actant orientation is rather difficult.!>

m INTRODUCTION

The chemical industry, which is primarily based on hetero-
geneous catalysts, accounts for ~50% of U.S. energy ex-
penditures in the industrial sector, which itself accounts for
~20% of all energy consumption.! This is partly due to the
need for i) energy-intensive separation processes to isolate
desired products,? which stems from non-selective reac-
tions, ii) high energy input to reactors, which stems from re-
quiring high temperature to activate reactants. Indeed, acti-
vating reactants at mild conditions and achieving high se-
lectivities are grand challenges in catalysis,? and ones that

In recent years, an approach that has been gaining momen-
tum is the encapsulation of NPs in porous crystals (NP@PC)
such as metal-organic frameworks (MOFs).16-21 This ap-

need to be met if large-scale chemical processes are to be
made more energy-efficient. Enzymatic catalysts offer high
selectivity and activity at mild conditions,*> but are not as
easy to recover and as amenable to scale-up as hetero-
genous catalysts. Therefore, an ambitious goal is to impart
heterogenous catalysts with selectivities and activities sim-
ilar to enzymes. This may be done by introducing atomistic
features found in enzymes into the heterogenous catalyst
design.

Enzymes, which present a catalytic center embedded into
an organic “shell,” are selective and active primarily be-
cause the shell sterically controls the orientation of reac-
tants as they reach the active site and stabilizes the relevant
transition state.® Therefore, one way to impart similar fea-

proach has shown potential for selectivity control. For in-
stance, Farha and coworkers'” showed that Pt@ZIF-8 regi-
oselectively hydrogenates 1,3-hexadiene, while Yaghi and
coworkers??23 showed that Pt@Zr-MOF hydrogenative con-
version of methylcyclopentane to different products de-
pending on the type of Zr-MOF encapsulating the catalyst.
There is also evidence that encapsulation can facilitate acti-
vation at lower temperature. For instance, Zhu and cowork-
ers?# calculated smaller barriers for CO oxidation on Auie
than on Au1s@ZIF-8.

Based on the above, tuning the NP and MOF composition in
NP@MOFs is a promising way to achieve high selectivity
and activity under mild conditions in heterogenous sys-
tems. However, due to exploding combinatorics, the chal-



lenge is to find the optimal coupling of NP and MOF compo-
sitions for a reaction of interest. Consider that (i) only con-
sidering binary alloys in three stoichiometries, Greeley and
coworkers?> studied 786 alloys, (ii) only considering non-
functionalized crystals, Gémez-Gualdrén and coworkers2¢
studied 13,512 MOFs. Therefore, if one were to combine
these MOFs and alloys, one would already be looking into
10,620,432 potential NP@MOFs. Considering the signifi-
cant effort involved in synthetically realizing each new
NP@MOF (as reflected in the relatively few NP@MOF vari-
ations experimentally tested so far), strategies for compu-
tational high throughput screening akin to those estab-
lished for traditional catalysts?’ are required to accelerate
the development of this emergent type of catalyst.

Gomez-Gualdrén and coworkers?® proposed that by assum-

ing that the “MOF effect” is mostly the imposition of steric
constraints, it was possible to explore NP compositions for
the reaction of interest via density functional theory (DFT)
by using a generic “surrogate pore” (made of inert He at-
oms) to provide those constraints. Getman and coworkers??
used this approach to elucidate relevant reaction pathways
for oxidation of n-butane on AgsPd under generic steric con-
straints. Moreover, combining this approach with degrees
of rate control, Campbell and coworkers3? found that the
use of H20 as oxidant would be crucial to enable the selec-
tive oxidation of n-butane to 1-butanol on AgsPd. Most re-
cently, Zhu and Getman3! explored more NP compositions
under steric constraints (Pd, PdZn, AgszPd, CusPd, and Cu)
for the above reaction. Note that the rational for the above
studies was that the steric constraints in a suitable
NP@MOF would prevent the oxidation of the secondary car-
bon. Thus, the remaining issue was to tune the NP composi-
tion to be active enough to activate the primary carbon, but
not enough as to overdehydrogenate it.

On the other hand, since the surrogate pore does not inter-
act with the NP surface as the MOF does, there is some un-
certainty whether a “promising” NP composition identified
in screenings with the surrogate pore would still be prom-
ising under constraints by an actual MOF. Thus, it is im-
portant to understand how interactions between MOF and
NP affect the electronic structure of the NP and, in turn, the
reaction energetics (and ultimately, the conclusion that an
encapsulated NP composition is optimal). Some initial for-
ays in this area were made by Huang and coworkers,3? who
synthesized Pd@Ui0-66-X systems via the so-called “ship-
in-a-bottle”33 approach. These authors used DFT to study
the interaction of Pdss clusters with the functional groups of
CeHe, CsHe-OCHs and CeHs-NHz, hence representing the in-
teraction of linkers with metallic clusters grown within the
well-defined characteristic cavities of the host MOF. These
authors calculated the charge transferred to Pdss from
amino and ester linker functional groups, which they linked
to the experimentally observed enhancement or hindering
of the oxidation capability of Pd due to encapsulation in
Ui0-66-X.

Similar studies on electronic effects for NP@MOFs synthe-
sized via the “bottle-around-ship”3?® method are yet to be
done. Perhaps, an obstacle for these studies has been the
unknown atomistic details of the NP/MOF interface in these
systems, where the encapsulated NPs are known to be

larger than the characteristic cavities of the host MOF. Re-
cently, however, Stair and coworkers3* combined DRIFTS
and NMR experiments with DFT calculations to conceive an
atomistically detailed interface model (Fig. 1) for Pt@ZIF-8,
where Pt NPs (d=~5 nm) are encapsulated by ZIF-8 (char-
acteristic pore size = 1.1 nm). A key feature of the interface
model is that MOF linkers bind to the NP surface through
the same chemical moiety that they use to coordinate with
MOF inorganic nodes. This new understanding provides an
opportunity to interrogate to what extent electronic effects
originating from linker-NP interactions affect catalytic ac-
tivity and/or selectivity.

@CONOH
o 0 .ZnOPt

Figure 1. Atomistically-detailed interface model for
Pt@ZIF-8 conceived from experiments and DFT calcula-
tions in ref. 34, and their simplified slab model to interrogate
vibrational shifts on chemisorbed CO.

In this work, we use DFT calculations to explore to what ex-
tent the electronic structure of various closed-packed cata-
lytic surfaces (representing the surface of encapsulated NP)
is altered by its interaction with organic linkers (which rep-
resent the MOF). First, we calculate binding energies of MOF
coordinating moieties on Au, Cu, Pt, Pd and Ni to support the
proposition that NP/MOF interface structures analogous to
Fig. 1 are also plausible in other NP@MOFs besides
Pt@ZIF-8. Then, we determine the electronic effects of
linker binding and how these in turn affect the binding of
common small chemical species such as H*, N* 0% OH*
CHs*, C*, and CO*. These species were chosen because they
often appear in well-known scaling relationships that relate
binding energies of these species to activation energies
(which are necessary to develop microkinetic models). We
perform a somewhat more detailed analysis on the binding
of CO, due to the potential of CO-sorption DRIFTs experi-
ments to help characterize NP@MOF systems. Then, we ex-
amine how the linker coordination-induced variations in C*
and OH* binding energies would alter the positioning of
screened metals on 2D-volcano plots for catalyst activity
and selectivity for n-butane oxidation to 1-butanol under
steric constraints. For examining the latter case study, we
exploit the microkinetic model developed by Zhu and Get-
man.3!

B COMPUTATIONAL METHODS

Plane-wave density functional theory (PW-DFT) calcula-
tions were performed using the VASP.5.3.1 ab-initio code.?>
37 Consistent with relevant preceding work,?8-31 our calcula-
tions use the GGA Purdue-Burke-Ernzerhof (PBE) func-
tional®® to model the electron exchange and correlation,
along with the D2 corrections by Grimme3® to explicitly
model dispersion interactions. An energy cutoff of 500 eV



was used to define the Block wave basis set to construct the
solutions to the Kohn-Sham equations. All simulations used
spin polarization. Gaussian smearing*® was used to acceler-
ate energy convergence with respect to number of k-points,
with a smearing parameter of 0.03, which kept T*S under 1
x 10-3 eV. Electronic and atomic configurations were consid-
ered converged when energy and forces fell below 105 eV
and 102 eV/A, respectively.

Preceding slab calculations, bulk unit cells were optimized
to obtain lattice constants. These optimizations used 9 x 9 x
9 Gamma-centered k-point meshes for cubic cells, or equiv-
alently spaced meshes for non-cubic ones. Calculated lattice
constants were within the expected accuracy for the PBE
functional (~2 %). The slabs for slab calculations were ob-
tained by cleaving the optimized bulk unit cell to expose the
most closed-packed surface, which was done using the Crys-
tal Builder module in Materials Studio.*! The same module
was used to place MOF linkers and adsorbates on the slab
surface. Slabs were at least 3-layered with at least 1 layer
frozen, leaving a 30 A vacuum space between the slabs in
the direction perpendicular to the surface. This enabled
more than 20 A between surface-bound linkers and slab pe-
riodic images, which has been suggested to be sufficient to
converge results with respect to slab separation.*? On the
other hand, while a higher number of layers would be
needed to fully converge adsorbate binding energies, here
we are focused on how these energies (and the metal slab
electronic structure) are altered by linker-metal interac-
tions. A 4 x 4 x 1 k-point mesh was used for slab calculations,
as further increasing the mesh density was found to not sig-
nificantly alter binding energies. All binding energies were
calculated as the energy released when the slab without the
adsorbate and the isolate adsorbate are brought together.

Electron densities in optimized slab configurations were
obtained using an 8 x 8 x 1 k-point mesh and the tetrahe-
dron smearing method with Blochl corrections. From these
densities, atomic charges were obtained using the Bader
splitting formalism.#3#* To calculate the electronic density
of states (DOS), the obtained electron density was used in a
nonselfconsistent calculation. The d-band center was calcu-
lated as the first moment of the DOS projected on d-states
of the surface atoms. Consistent with earlier work,3* adsorb-
ate vibrations were decoupled from the surfaces, so adsorb-
ate vibration frequencies were calculated while keeping all
non-adsorbate atoms frozen. Vibrations were obtained by
the “finite-displacement” method by systematically displac-
ing adsorbate atoms 0.05 A in all directions. Calculations on
isolated species were done at the gamma-point on a 15 A x
15 Ax 20 A orthorhombic cell.

The microkinetic model for the oxidation of n-butanol was
built using the scaling relationships developed by Zhu and
Getman in ref. 31, which are based on formation (electronic)
energies without zero-point energy (ZPE) corrections. The
microkinetic model was constructed using the CatMap soft-
ware developed by Medford and coworkers.*5

m RESULTS AND DISCUSSION

Organic linker binding. Following the findings by Stair
and coworkers,3* we postulate that the “bottle-around-ship”

NP@MOF synthesis method results in similar NP/MOF in-
terfaces where MOF linkers bind the NP surface as N-me-
thylimidazolate binds Pt in Fig. 1. Thus, to investigate the
extent of electronic effects by other MOFs on other NPs, we
considered the analogous binding of other linker coordinat-
ing moieties to other metals. Acrylate was used to represent
the coordinating moiety of common carboxylate (C) MOFs.
The vinyl moiety was intended to provide a similar = elec-
tron cloud near the a-carbon as to mimic the behavior of the
carboxylate moiety in common phenyl-based carboxylate
MOF linkers, but at lower computational cost. Comparing
the distribution of charges and the lowest-unoccupied mo-
lecular orbital (LUMO) between benzene dicarboxylate and
acrylate suggests this to be the case (Fig. S1). The LUMO is
relevant because the carboxylate moiety withdraws elec-
trons from the metal surface (vide infra), which are received
by this orbital. Imidazole was used to directly represent the
coordinating moiety pertinent to imidazolate (I) MOFs (i.e.
zeolitic imidazolate frameworks; ZIFs). Ethanethiolate was
added as a reference representing the thiolate coordinating
moiety (T) pertinent to typical NP-enshrouding self-assem-
bled monolayers.” However, it may also be pertinent to NP
encapsulation in some MOFs based on sulfur-metal coordi-
nation, such as those explored for high electrical conductiv-
ity.4647

The “surface coverage” by organic linkers in our calcula-
tions (one linker in a 3 x 3 supercell) is consistent with the
coverage of methyl imidazole on Pt in Pt@ZIF-8, which was
estimated from CO sorption experiments and modeling.3*
Fig. 2 illustrates the optimized binding configurations for
imidazole, acrylate and ethanethiolate on Pt(111). No con-
straints were used during optimization of imidazole and
acrylate binding but, in the ethanethiolate case, the S-C
bond was constrained to remain perpendicular to the metal
surface. The most stable linker binding configurations were
explored in Pt(111) and assumed to hold for other studied
surfaces. Therefore, analogous binding configurations to
those in Fig. 2 were obtained for the Au(111), Cu(111),
Pd(111) and Ni(111) cases, which were chosen due to their
diverse electronic structure according to the relative wide
span covered by their d-band centers (vide infra). For the
carboxylate and thiolate cases, the “lost” proton was bound
on the opposite side of the slab. Nonetheless, this resulted
in little effect on the catalyst electronic structure (Table S1)
and binding energies of small chemical species (Table S2).
At this point let us note that as shown in Fig. 1, MOF linkers
at the interface “bridge” the NP surface and MOF nodes.
However, while the latter may indirectly affect the elec-
tronic structure of the NP by altering that of the surface-
bound linker, this effect is neglected here.
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Figure 2. Optimized organic linker binding configuration
on Pt(111) surface. Analogous configurations were ob-
tained on Au, Cu, Pd, and Ni.

In earlier work,3* we found the binding of methyl imidazole
to Pt(111) to be stronger than the binding of N-vinylpyrrol-
idone (VP, the monomer of PVP). This finding supported the
displacement of PVP—which enshrouds the Pt surface at
the start of “bottle-around-ship” Pt@ZIF-8 synthesis—by
methyl imidazole, which then binds directly to the Pt nano-
particle. To extend this comparison to other potential
NP@MOF systems, we compared the calculated binding en-
ergies of the studied coordinating moieties on different
metal surfaces relative to those for VP (Table 1). In these
calculations, VP was constrained to remaining perpendicu-
lar to the metal surface and was found to interact more
strongly with the O atom on a top site. The binding strength
of imidazole and VP were relatively close, but VP only coor-
dinated to the metal more strongly (by 7 k] /mol) than imid-
azole in the Cu case. This suggests that interfaces similar to
the one characterized in Pt@ZIF-8 are probable to occur in
other NP@ZIF systems. Furthermore, we found both car-
boxylate and thiolate coordination to be far stronger than
that of N-vinylpyrrolidone, which suggests that similar
NP/MOF interfaces (where organic linkers coordinate di-
rectly to the encapsulated NP) are also likely encountered
with carboxylate-based (and thiolate-based) MOFs.

Table 1. Binding energy of organic linker to metal surface
(kJ]/mol). I = imidazole, C = carboxylate, T = thiolate,
N = N-vinylpyrrolidone.

Metal Organic linker
I C T N
Au -78 -507 -496 -39
Cu -91 -647 -622 -98
Pt -204 -693 -696 -143
Pd -140 -657 -715 -94
Ni -123 -672 -726 -100

Thiolate binding was weaker than carboxylate binding on
the metals with the higher d-band centers €4 (Cu, Au) and
weaker otherwise (Pt, Pd, Ni). Thiolate binding strength (Ni
> Pd > Pt > Cu > Au) linearly correlates (R2~ 0.89) with the
d-band center position of the bare surface, with the binding
strength increasing with higher d-band center (see calcu-
lated d-band centers in Table S1). Such correlation is much

weaker for carboxylate (R? ~ 0.65), and non-existent for im-
idazole (R? ~ 0.17), primarily because Pt is an outlier that
results in the strongest carboxylate/imidazole binding de-
spite an intermediate d-band center (eq4 = -2.24 eV) among
tested metals. Note that we did not include ZPE corrections
in Table 1, which could somewhat affect calculated binding
energies.*8 Furthermore, since the energies are calculated at
the absolute zero, potential temperature effects are not con-
sidered in the above discussion.

Organic linker electronic effects. That catalyst encapsula-
tion in MOFs can affect reaction pathways due to con-
straints on reactant orientation is rather apparent. How-
ever, itis not as clear whether judicious choice of MOF com-
position can be a way to modulate the catalyst electronic
structure, and in turn activity and selectivity (which is
known to occur when the active sites are embedded in the
MOF4959), Thus, to examine the impact of the linker coordi-
nation on the catalyst electronic structure, we start with an
analysis of charge transfer (Fig. 3). The observed reduction
of the catalyst surface upon coordination of imidazole is
consistent with the electron-donating character of this
linker. On the other hand, the oxidation of the catalyst sur-
face upon coordination of carboxylate is consistent with the
electron-withdrawing character of the linker oxygen atoms.

Within the same periodic table group (group 10 or 11), the
higher the catalyst d-band center, the more electrons the
linkers tend to retain or gain. For thiolate, for which we find
an electron donating/withdrawing character between car-
boxylate and imidazole, only the metals with the highest d-
band center within each group (i.e. Ni and Cu) end up oxi-
dized due to linker coordination. For all cases, we inspected
whether there was a correlation between electron transfer
and binding energy. For imidazole, there is a weak correla-
tion (R? ~ 0.55) between linker binding energy and electron
transfer. However, for carboxylate and thiolate, there is no
correlation at all between binding energy and electron
transfer (R? < 0.01).
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Figure 3. Charge transfer (q) from organic linker (I: imid-
azolate, C: carboxylate, T: thiolate) to surface. d-band center
position (&4) for reference bare metal surface moves closer
to the Fermi level from left to right.
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Figure 4. Shift in the d-band center (Aed) of surface atoms
either due to organic linker coordination (I: imidazolate, C:
carboxylate, T: thiolate) or alloying. d-band center position
(ea) for reference bare metal surface moves closer to the
Fermi level from left to right.

According to the d-band model of Hammer and Norskov®?,
the d-band center is the primary electronic factor control-
ling the binding strength of an adsorbate to a metal—alt-
hough it is certainly not the only factor.>2-55 Thus, we ana-
lyzed was how the position of the d-band center was af-
fected by the coordination of the linker as doing so could
provide insights on how the binding of small species to the
catalyst is expected to change due to MOF encapsulation.
The metals studied here cover a wide range of d-band con-
figurations as characterized by their d-band center, &4. Fig.
4 shows the shift in d-band center position (Aeq) induced by
linker coordination. We did not find any clear correlation
between d-band center shifts and original d-band center po-
sitions, linker binding energies, or electron transfer upon
linker coordination. However, we observe that regardless of
whether the linker is donating (reducing) or withdrawing
(oxidizing) electrons to or from the surface, upon coordina-
tion, the d-band center experiences a downward shift in all
metals.

Although not quantified in this section, the downward shift
in d-band center is expected to impact binding energies of
small adsorbates. As a reference, we also inspected the shift
in the d-band center due to alloying. To do so, we calculated
these shifts for each component in the alloys studied by Get-
man and Zhu3!: PdZn, PdAgs and PdCus, and added them to
Fig. 4. The extent of the shifts due to alloying are consistent
with values reported in the literature for other alloys.56-58
One significant contrast between “alloy-induced” and
“linker-induced” shifts is that upward shifts were only ob-
served in the alloying cases. Additionally, we noticed that, at
least where the comparison was possible (i.e. Cu, Pd), the
alloy-induced shifts were larger in magnitude the (linker)
coordination-induced ones.

Table 2. DFT-calculated data on CO adsorption on bare
(linker-free) (111) surfaces, along with reference experi-
mental data. Vibrational frequencies (v) in cm, C-O bond
distance ac.0 in A, and CO charge (qco) in e. Parenthesis indi-
cate interrogated binding site: t = top, f = fcc hollow, b = hcp
hollow.

DFT-calculated data Exp. data

Metal v dco qco v Ref.

Au(t) 2053 1.15 0.04 2060 59
Cu(t) 2001 1.16 -0.15 2070 60
Pt (t) 2073 1.16 0.05 2090 61
Pd(f) 1776 1.19 -0.22 1850 62
Ni(h) 1775 1.19 -0.36 1810 63

Impact of linker coordination on CO binding. Before ex-
amining the impact of linker coordination to the metal on
the binding of several small adsorbates, we will focus on the
impact on the binding of CO. We do so because the binding
of CO can be relevant to experimental characterization of
NP@MOFs systems. Indeed, the susceptibility of CO vibra-
tional frequencies to changes in binding environment and
electronic structure is commonly exploited in catalyst char-
acterization via DRIFTS experiments. More recently, cou-
pling of spectroscopic experiments and DFT calculations to
elucidate atomistic details in MOF and zeolite systems have
been reported as well.*4%5 Thus, CO sorption and spectro-
scopic measurements emerge as a viable tool to help under-
stand MOF /NP interfaces and relevant electronic effects. In
earlier work,* the measured redshift of C=O stretching fre-
quency upon Pt encapsulation in ZIF-8—which matched the
redshift in C=0 stretching frequency when CO binds Pt(111) in
the presence of coordinated methyl imidazole—was supporting
evidence of an NP/MOF interface where linker directly coordi-
nate to the catalysts surface. Experimental detection of similar
shifts in other NP@MOFs according to predicted shifts based
on interface models (such as the model here) could further cor-
roborate postulated interface structures.

As a starting point, Table 2 lists the calculated vibrational
frequencies for CO on bare (111) surfaces. Since DFT is
known to have trouble correctly predicting the correct
binding site for CO,% on each surface, we placed CO on the
binding site reported in experiments. The calculated fre-
quencies are in reasonable agreement with experiments,
with the largest deviations for Cu and Pd. Then, we deter-
mined how the properties of adsorbed CO (in the same
binding site) change in the presence of the linker relative to
the bare surface (Table S4). With the exception of Au and
Cu with coordinated carboxylate, a redshift in C-O stretch-
ing frequency was observed in all cases. As expected, for
each individual case, a redshift (or blueshift) in C-O stretch-
ing frequency was concomitant with an increase (or de-
crease) in the C-O bond distance. Considering all cases to-
gether, there is a strong correlation (Rz ~ 0.95) between fre-
quency shift (Av) and change in C O bond distance (AdC-0)
(Fig. 5, bottom). Interestingly, although weaker (R? ~0.61),
there is a correlation between change in C-0 bond distance
and the change in the amount of charge transferred (Aqco)
(Fig. 5, top). An increase in the amount of charge trans-
ferred back to bound CO (due to linker coordination) tends
to increase the stretch in the C-O bond. This observation is
consistent with the Blyholder model,¢” where back-donated
electrons go to CO antibonding orbitals, hence destabilizing
the C-O bond.
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Figure 5. Changes in metal-surface bound CO geometry,
electronics, and vibrations upon due to presence of organic
linker. Changes provided for relative to property in bare
surface (linker-free) cases. a) Change in C-O distance versus
change in CO charge. b) Change in CO vibrational frequency
versus change in C-O distance.

The above observations implicate that DRIFTS experiments
on a synthesized NP@MOF could shed light on electron
transfer effects between the MOF and the NP. Namely, red-
shifts in C-O stretching more than 50 cm! probably indicate
electron donation happening from the MOF to the NP, while
redshifts less than 50 cm! (or blueshifts) probably indicate
electron withdrawal by the MOF from the NP. In turn, elec-
tron withdrawal or donation inferred from the experiments,
can be used to support whether the MOF/NP interface
structure is consistent with the interface model considered
in this work. Notice that imidazole coordination leads to
stronger redshifts than carboxylate coordination as the for-
mer linker reduces the surface while the latter linker oxi-
dizes it.

Table 3. Binding energies, Eads (k]/mol), of small chemical
species on bare (linker-free) (111) surfaces. Tested binding
site indicated in superscript: t = atop, f = fcc hollow, h = hcp
hollow, b = bridge

Metal
Species Au Cu Pt Pd Ni
Cco* 43 ©® -101® 2050 2210 205®
CH3* -1560 0 179 2640 2120 214 ®
OH* -190® 3200 219®  260® 3200
H* -209® 2540 2730 279® 273 ®
N* -254® 3960 486D 478D 5190
O* 313 4800 4250 4300 5150
C* 4510 .519® 7070 697D _664 ®

Impact of linker coordination on binding of small ad-
sorbates. Previous microkinetic model-based 2D “volcano”
plots for computational screening of NP@MOFs,3! were i)
built on scaling relationships (as typical in catalyst high
throughput screening), and ii) did not consider linker coor-
dination-driven electronic effects on catalysts and their
consequences on reaction energetics. Thus, we now pro-
ceed to inspect the impact of these electronic effects on the
binding of small adsorbates (CO*, CHs*, OH*, H*, N*, 0%, C*).
We selected these adsorbates because they are the basis of
a number of published scaling relationships,®®-70 including
those published by Zhu and Getman3! for screening of
NP@MOFs for selective n-butane oxidation to 1-butanol,
which are based on the binding of OH* and C*.

As a starting point, Table 3 summarizes the binding ener-
gies, Eags, of the studied adsorbates on the linker-free sur-
faces. To reduce the number of calculations, we only ex-
plored the binding sites known to be most stable for each
adsorbate. Table 3 does not include ZPE corrections. This
was partly motivated by tests (Table S3) showing that the
effect of linker coordination on ZPE is negligible. Thus, ZPE
corrections do not influence our analysis on how adsorbate
binding changes due to linker coordination on the metal
surface (although they can affect individual Eaqs values by 8-
27 kJ/mol). Although we used the PBE functional, our ob-
tained binding energies and trends on bare surfaces are in
reasonable agreement with data from a series of publica-
tions by Mavrikakis and coworkers”!75 that primarily use
the PW91 functional, as well as data from other authors.6876
In Ay, the binding strength follows the trend C* > 0* > N* >
H* > OH* > CH3* > CO. In other metals, some adsorbates
swap positions (e.g. 0* and N* in higher d-band metals, OH*
and H* in 3d metals). The strongest binding in each surface
occurs for C*, and the weakest binding for CO*.

Charge analysis (Fig. S7) shows that in all instances (except
for CO* on Au and Pt) the adsorbate gains electrons (the sur-
face oxidizes) upon binding. Within the same metal group,
surface oxidation with each adsorbate binding increases as
the metal period decreases. Within the same metal period,
surface oxidation increases as the metal group increases. In
Au, surface oxidation by adsorbate binding follows the
trend O* > N* > C* > OH* > CHs > H* > CO*, which generally
holds in the other studied metals. The adsorbate charge was
a critical part of a multivariate linear regression (R? ~ 0.85)
to predict binding energy (in k] /mol) resulting in:

Eads = -280.5 - 97.7n - 68.2¢a + 74.9Gaas (1)

where n is the number of bonds the adsorbate needs to
make to complete valency (0 for CO, 1 for OH, H, CHsz, 2 for
0, 3 for N, and 4 for C), &4 is the d-band center of the metal
and qaas is the charge of the adsorbate. Expectedly, binding
tends to be stronger the more “unsaturated” the adsorbate
and the higher the d-band center of the metal are. Eq. 1 also
indicates that the more electrons the adsorbate gains from
the surface, the stronger the binding is.

Once the organic linker coordinates to the metal surface,
charge transfer between the metal and the adsorbate
changes according to some rather clear trends (Fig. S11).



Imidazole coordination leads to some of the electrons do-
nated by the linker, hence enhancing electron gains by the
bound adsorbates. Carboxylate coordination, on the other
hand, results in a more electron-depleted surface, hence in-
hibiting electron transfer to the adsorbates. The change in
binding energy for the studied species is summarized in Fig.
6, which is based on the data in Tables S4-S6.

In 60% of the tested cases, the binding of the adsorbate was
weakened due to linker coordination. This tendency for
binding destabilization is partly explained by the observed

downward shifts in d-band centers upon linker coordina-
tion (Fig. 4). However, non-bonded interactions with the
coordinated linker can also stabilize/destabilize adsorbate
binding. Analyzing the linker cases separately, adsorbate
binding was weakened by coordination of imidazole, car-
boxylate, and thiolate in 47%, 59% and 60% of the cases,
respectively. Regardless of whether binding was stabilized
or destabilized, in 60% of the tested cases, adsorbate bind-
ing energies only changed within 10 k] /mol (69% of carbox-
ylate cases, 52% of imidazole cases, 48% of thiolate cases).
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Figure 6. Change in adsorbate binding energy (AEads = (Eads)with linker - Eads) due to the coordination of the linker to the catalyst
surface. The amount of change is indicated by color consistent with the right color bar. Data for this figure was obtained from
Tables S3-S5. The binding energies Eads to obtain AEads are calculated in the same type of binding site.
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Figure 7. Electronic effects on metal surface due to func-
tionalization of coordinating organic linker. Top: Change in
the charge of the metal surface due to linker functionaliza-
tion. Bottom: Change in the metal d-band center due to
linker functionalization.

Effect of linker functionalization. One of the appeals of
MOFs is that even more crystal composition variations can
be obtained due to variations in the organic linkers by func-

tionalization. To explore functionalization effects, we fo-
cused on Pt, because this metal seemed to be significantly
more susceptible to linker coordination effects than Au, Cu,
Pd and Ni. Accordingly, the linkers tested here were func-
tionalized with electron donating (-NH, and -CH3) and with-
drawing (-F and -NO,) groups. Functionalization with elec-
tron withdrawing (EWG) groups strengthened the coordina-
tion of the linker to the surface, while the effect of function-
alization with electron donating (EDG) groups was mixed
(Table S8). This could be indicative of NP@MOF synthesis
being facilitated by functionalization with EWG groups.

In terms of electronic effects, we found the introduction of
the EWG and EDG groups on the linker to have the expected
effect on charge transfer between linker and metal surface.
Specifically, functionalization with EWG groups (-NO> and
-F) led to the linker gaining more electrons than the unfunc-
tionalized linker, while the opposite was true when function-
alizing with EDG groups (-CH3 and -NH>) (Fig. 7, top). In-
terestingly, regardless of whether EWG or EDG groups were
introduced, we found that functionalization led to an upward
shift in the metal d-band center, relative to its position when
the unfunctionalized linker was coordinated.

Notably, however, in 94% of instances, linker functionaliza-
tion only led to changes in adsorbate binding energy within
10 k]J/mol (Table S9). Furthermore, in numerous cases
(about 50%) functionalization only led to changes within 2
k] /mol. This is apparent in the parity plot in Fig. 8, where
the majority of points virtually fall on the parity line, with a
few outlier exceptions. Inspecting the outliers (e.g. OH*
binding nearly 100 k] /mol more strongly when thiolate was



functionalized with -NHz), we find that pronounced changes
in binding energies upon linker functionalization are not
due to electronic effects induced by the linker on the metal.
Instead, the cause for the pronounced difference is the di-
rect interaction of the adsorbate with the functional group.
The interaction can be attractive such as in hydrogen bonds
typically formed by OH*, or repulsive as in hindrance occur-
ring (sometimes) to CHs* and CO*. A couple binding config-
urations where hydrogen bonding occur are shown in Fig.
8 (it is worth noting that in these cases, the adsorbate bind-
ing site also changed spontaneously). Intriguingly, these
configurations show a potential way to break scaling rela-
tionships at MOF /NP interfaces. For instance, NP encapsu-
lation with an amino linker could have a small effect on O*
binding but could, on the other hand, significantly
strengthen OH* binding.
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Figure 8. Parity plot comparing the binding energy of ad-
sorbates in the presence of the coordinating unfunctional-
ized linker vs in the presence of the functionalized linker.
Inset shows two outlier cases, where adsorbate binding was
strengthened more than 70 k]/mol due to hydrogen bond-
ing.

Implications on screening of MOF-encapsulated cata-
lysts. The relationship between binding energies determines
scaling relationships that are used to produce 2D volcano
plots, on which screened catalysts are located to reveal their
expected performance. Ignoring electronic effects during
catalyst screening of NP@MOFs can raise two problems: 1)
the underlying 2D volcano plot obtained from scaling rela-
tionships could be faulty, and/or ii) the location of catalyst
compositions within the plot could be incorrect. To examine
the first potential problem, we examined how scaling rela-
tionships between binding energies are affected by linker co-
ordination.

If linker coordination had a commensurate effect on binding
energies (e.g. a 10% increase in all binding energies), scaling
relationships would not be affected. Accordingly, the de-
scriptor-based 2D volcano plots produced exploiting these
relationships without consideration of electronic effects
would still be meaningful for MOF-encapsulated catalyst
screening. However, since it is apparent that the effect of

linker coordination is not homogenous across all studied sys-
tems (Fig. 4), then the impact of linker coordination on scal-
ing relationships needs to be directly examined. To this end,
we calculated scaling relationships among all tested adsorb-
ates (Fig. S12) using all available binding energy data (type
a) and compared them with relationships obtained excluding
the cases where there was linker coordination on the surface

(type e).

Table 4. Average difference (AEads)ave in kJ/mol for binding
energies obtained from scaling relationships derived on bare
surfaces (type e) vs. from scaling relationships derived on
surfaces with coordinated linkers (type a). Detailed scaling
relationships shown in Fig. S12.

Relationship  (AEugs)ae Relationship (AEads)ave
CO* vs C* -7 CO* vs N* -11
CH3* vs C* -1 CH3* vs N* 0
OH* vs C* 7 OH* vs N* 5

H* vs C* -1 H* vs N* -2
N* vs C* 1 CO* vs H* -9
O* yvs C* -2 CHj+ vs H* -1
CO* vs O* -10 OH* vs H* 4
CH;* vs O* CO* vs OH* -11
OH* vs O* 5 CH; vs OH* 1
H* vs O* 1 CO* vs CH3* -7
N* vs O* -2

When examining percentual deviations of the slopes and in-
tersects of the 21 calculated scaling relationships individu-
ally, we find them to be less than 10% in most cases. How-
ever, in a few instances where the slope or intercept are small
numbers, the percentual deviations are much higher. Thus,
to better quantify the effect of electronic effects on scaling
relationships, we calculated the average absolute deviation
between binding energies calculated with type a and type e
scaling relationships, (AEads)ave. We calculated this metric
using the range of binding energies that was used to derive
the scaling relationships in the first place. As evident from
Table 4, the deviations are rather minor, with the largest de-
viations tending to occur when CO* is involved. Note that
linker coordination effects are a form of coverage effects.
However, contrary to other works”””® where coverage ef-
fects are found to significantly impact scaling relationships,
here the impact looks minor likely due to the “coverage” of
the linker being relatively low. The above data suggest that
2D volcano plots for screening of NP@MOFs obtained based
on scaling relationships that neglect linker-coordination-re-
lated electronic effects could present some minor distor-
tions relative to plots that would consider these effects.
However, the former plots are likely useful to rapidly nar-
row down promising catalyst compositions for the applica-
tion of choice.

To examine the second potential problem with neglecting
linker-coordination-related electronic effects (i.e. location
of a catalyst composition on a 2D volcano plot being incor-



rect), we reproduced the 2D volcano plots by Zhu and Get-
man3! for n-butane oxidation, which were produced from
calculations under generic steric constraints (no electronic
effects due to linker coordination). To do so, we used their
published microkinetic model and scaling relationships,
which are based on OH* and C* formation energies (calcu-
lated from binding energies) with no ZPE corrections. To
include catalyst compositions studied here, we extended
the range of the plots so they would include the correspond-
ing formation energy values. Note that because no free en-
ergies were used, some temperature effects captured by the

Activity map

""""" 1 0
4.4 :
|
— 4.0 hgPd |
= | 16
2 |
3
=] L — 19
E 3.6 -,.\
= Maximum 1.12
S 32 uncertainty based
g on all linkers 115
£ 28
]
24 e Te 21
| |
----- | I
| ]
2.0 [ | - ol —_—

-04 -02 00 02 04 06 08 10 112 14
OH* Formation Energy [eV]

R (log;ofs™) ]

C* Formation Energy [eV]

TS product are ignored. As reference, some tests in platinum
showed the TS product to be 2-27 k] /mol (depending on the
species) at 150 C, which was the reaction temperature con-
sidered here. The reactions for the microkinetic model are
listed in Table S10. Briefly, 02 and H20 adsorb on the cata-
lyst surface to produce O* and OH*. n-butane adsorbs as
well and can forms either 1-butanol, butanal, or butene
through oxidation reactions. The goal is to find a catalyst
that actively and selectively produces 1-butanol, because
this shows a catalyst architecture that can produce valuable
primary alcohols from cheap natural gas feedstock.

Selectivity map S
]
0.9
4.4
0.8
4.0 A 0_?
36 0.6
Maximum 10.5
3.2 uncertainty bas E
on all linke 104
2.8 03
0.2
2.4
0.1
2.0 0

-04 -0.2 00 02 04 06 08 1.0 12 1.4
OH* Formation Energy [eV]

Figure 9. 2D volcano plots illustrating the activity (left) and selectivity (right) of various catalyst compositions.

To place the catalysts on the volcano plots for activity (Fig.
9 left) and selectivity (Fig. 9 right), the formation energies
in Table S11 were used (which were obtained using our
calculated binding energies). The selectivity was only calcu-
lated for butanal versus butene formation, as 2-butanol for-
mation is assumed to be prevented by steric constraints.
The plots are calculated at 150 C and partial pressures
Pbutane = 3750 kPa, Puzo = 456 kPa, Poz = 2 kPa. The “point”
for each catalyst composition is given by the formation en-
ergy of OH* and C* on its surface without considering elec-
tronic effects due to linker coordination (i.e. on the bare sur-
face). Then, to account on how electronic effects due to en-
capsulation in a MOF could alter the location of the catalyst
composition on the volcano plot, we added an “uncertainty
box” for the pure metals. For each metal, this box encom-
passes the region where OH* and C* formation energies are
within the maximum deviation in OH* and C* stability due
to linker coordination, as per the data in Fig. 6 and Tables
S4-S6.

For most metals, the uncertainty box is relatively small, in-
dicating, for instance, that regardless of potential electronic
effects upon encapsulation in a MOF, Ni, Cu, and Au (and Ag)
would present low activity for n-butane oxidation, with Ni
and Au additionally presenting low selectivity for 1-butanol
formation. For Pt, however, the uncertainty box is relatively
large, expanding 0.36 eV above and 0.17 eV below the OH*

formation energy on bare Pt, and 0.39 eV above the C* for-
mation energy on bare Pt. The large uncertainty box for this
metal indicates that although Pt has an intrinsic (i.e. without
electronic effects) of only 10-1°s1, there is a 14% probability
that encapsulation in some MOF may raise activity to 10-8 s-
Lor above. However, regardless of encapsulation, selectivity
for 1-butanol is bound to stay below 0.4. Examining a metal
such as Pd, it appears that alloying with Zn, Cu, or Ag has a
much drastic effect on reaction energetics on a metal—
hence on the location of a metal on the volcano plot—than
electronic effects due to encapsulation would.

For the pure metals the uncertainty boxes were drawn
based on DFT calculations explicitly examining the impact
of electronic effects. For other compositions such as the al-
loys we however did not perform such calculations. Without
considering electronic effects, one of these alloys, AgsPd
seems a promising catalyst composition with a selectivity of
0.75 and an activity of 10-¢ s"1. To provide a probability that
AgsPd remains an attractive catalyst despite potential elec-
tronic effects upon encapsulation in a MOF, we considered
a worst-case scenario. Namely, that the deviation in C* and
OH* formation energies (positive and negative) can all be as
dramatic as the worst case in any of the studied pure metals.
Under this scenario, the probability of AgsPd retaining a se-
lectivity above 75% and an activity above 108 s1 is ~30%
in both cases. On the other hand, if we only considered the
deviations due to carboxylate coordination, there isa ~70%



probability that AgsPd encapsulated in a carboxylate MOF
would have an activity higher than 10-8, and ~85% proba-
bility that selectivity remains above 75%.

Can uncertainty be reduced? The uncertainties above, are
based on worse-case scenarios. A relevant question is
whether there are ways—compatible with high throughput
screening—to have a better idea of where an encapsulated
catalyst composition would fall in plots like Fig. 9 when
considering potential electronic effects by the MOF. In other
words, the question is whether there is a way to better an-
ticipate the binding energy of a species of interest in the
presence of the relevant linker, without performing the ac-
tual DFT calculation. Since a promising, fast method to pre-
dict binding energies on catalyst surfaces is machine learn-
ing, we inspected reported accuracies in some recent efforts
in this area.”’?-82 Accuracies in the 5-20 k] /mol (0.05-0.2 eV)
range have been reported, which are promising when you
consider the size of the uncertainty region based on all link-
ers, as shown for AgsPd in Fig. 9. However, machine learn-
ing predictions have so far been carried on bare catalyst
surfaces, but not on surfaces with coordinated linkers. Ac-
cordingly, we took a first look into predicting adsorbate
binding energies on surfaces with coordinated linkers.

It should be clear, however, that our current dataset is not
large enough to train a robust, generalizable machine learn-
ing model. On the other hand, we can, for instance, inspect
what kind of descriptors could be useful to develop such
model. A task that it is well suited for a gradient boosted
machines (GBM) model.83 Although GBMs can be outper-
formed by deep neural networks once the training dataset
surpasses a certain size, GBMs outperform the latter when
datasets are smaller, and provide useful information on de-
scriptor importance. Note that Eq. 1 already hints that bind-
ing relates to adsorbate “unsaturation” (n), as well as fac-
tors influenced by linker coordination such as d-band cen-
ter (e4) and electron transfer to the adsorbate (qaas). The lat-
ter, however, is not a useful descriptor for a machine learn-
ing model, because finding its value requires the kind of DFT
calculation that one is trying to avoid in the first place.
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Figure 10. Binding energy predictions by a GBM (gradient
boosted machines) model vs DFT calculations on catalyst
surfaces with and without coordinating linkers.

Ultimately, our most successful GBM model (see details in
the Supplementary Information) trained to predict binding

10

energies used the following properties of the adsorbate and
the surface: the numbers of bonds the adsorbate needs to
make to complete valency (n), the surface d-band center
(ed), the electronegativity of the adsorbate binding atom
(%ads), the electronegativity of the surface binding site (}site),
the charge of the surface (gsurf), the dispersion parameter of
the surface atoms (Cesurf) and the sum of the dispersion pa-
rameters of the atoms of the coordinating linker (ZCelinker).
Analysis of the GBM model reveals that the binding energy
is mostly determined by n (71% importance), followed by
€d (14%) and yads (8%), with the remaining 7% explained by
the remaining variables. Note that we expected yads, Ysurf,
and gsurrto play the role of qads, so it is reassuring to see these
variables playing a role in the prediction. When comparing
the predictions of the GBM model with the actual DFT cal-
culation, the mean absolute error (MAE) for the GBM pre-
dictions was 13 kJ/mol, which is within the accuracy range
of previously mentioned machine learning models.”9-82

m CONCLUSIONS

Using approximated NP/MOF interface models, DFT calcu-
lations were used to investigate MOF-originated electronic
effects on encapsulated NPs in NP@MOF hybrid catalysts.
The nature and extent of linker-induced electronic effects
on the metal was found to be modulated by the chemistry of
the linker, and to typically weaken the binding energies of
common “catalytic” species. More generally, however,
changes in binding energies (positive or negative) tended to
stay within 10 k] /mol and only led to slight changes in scal-
ing relationships between binding energies of these species.
An implication of the findings herein is that they suggest
that one potential way to screen NP@MOF catalysts for re-
actions of interest (at least when the MOF is “innocent” to
reactive intermediates) could be to follow a hierarchical
strategy. First, key descriptors and scaling relationships
could be determined using full “mechanistic” DFT calcula-
tions with MOF-independent “generic” steric constraints,
which could then be used to construct descriptor-based ac-
tivity/selectivity volcano plots. Then, the exact placement of
a promising NP composition on these plots could be refined
by additional calculations considering MOF-specific effects
(potentially even using machine learning). Ultimately, con-
fidence in attempting to encapsulate a NP composition in a
MOF for experimental testing will depend on the “rough-
ness” of the relevant volcano plot and the position of the NP
composition in the latter. In other words, it will depend on
how sensitive the predicted performance of an encapsu-
lated NP is to small changes in descriptor energy.
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Highlight sentence

Using approximated NP/MOF interface models, DFT was used
to investigate MOF-originated electronic effects on
encapsulated NPs in NP@MOF hybrid catalysts
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